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Summary

Computational predictions of the effects of wing
contour modifications on maximum lift and tran-

sonic performance were made and verified against

low-speed and transonic wind-tunnel data. This ef-

fort was part of a program to improve the maneuver-

ing capability of the Grumman EA-6B Prowler, an

electronics countermeasures aircraft, which evolved

from the A-6 Intruder, an attack aircraft. The pre-

dictions were based on results from three computer

codes that include viscous effects: MCARF, a two-

dimensional subsonic panel code; TAWFIVE, a tran-
sonic full-potential code; and WBPPW, a transonic,

small-disturbance, potential-flow code. The modi-

fications were previously designed with the aid of

these and other codes. The wing modifications con-

sist of contour changes to the leading-edge slats and

trailing-edge flaps and were designed for increased

maximum lift with minimum effect on transonic per-

formance. This report presents the prediction of the

effects of the modifications, with emphasis on veri-

fication through comparisons with wind-tunnel data

from the National Transonic Facility. Attention is fo-

cused on increments in low-speed maximum lift and

increments in transonic lift, pitching moment, and
drag that result from the contour modifications.

The effects of the modifications on low-speed
maximum lift coefficient were predicted two dimen-

sionally and estimated three dimensionally at two

Reynolds numbers. The estimates, based on results

from MCARF, overpredicted the effect of the leading-

edge modification but agreed well with experimen-

tal data for the effect of the trailing-edge modifica-

tion. At the higher Reynolds number, the estimates

and the experimental data showed a significant in-
crease in the increment of maximum lift coefficient for

the combined leading- and trailing-edge modification

over that for the trailing-edge modification alone.

Effects of the modifications on transonic lift,

pitching-moment, and drag coefficients were pre-

dicted by both the TAWFIVE and WBPPW codes.

There was overall agreement between the experimen-

tal data and code results, in that the trailing-edge
and combined modifications had more effect on the

transonic characteristics than did the leading-edge
modification. The relative effects of the modifica-

tions on transonic lift and pitching-moment coeffi-

cients were well predicted by both codes. The relative

effects of the modifications on transonic drag coeffi-
cient were well predicted by the TAWFIVE code but

poorly predicted by the WBPPW code.

Introduction

Langley Research Center has been involved in a

cooperative program with the U.S. Navy and Grum-

man Aerospace Corporation to improve the maneu-

vering capability of the EA-6B Prowler (refs. 1 to 5).
This cooperative program is one facet of the Navy's

Advanced Capability Program (ADVCAP) for the
EA-6B, an electronics countermeasures aircraft that

evolved from the A-6 Intruder, an attack aircraft.

The EA-6B is a four-place, twin-engine configura-

tion with a midfuselage-mounted wing. The wing is
swept back 25.5 ° at the quarter-chord and has an

aspcct ratio of 5.31. Wing contours are based on
the NACA 64-series airfoils. The EA-6B and the

A-6 configurations are different in that the EA-6B

has an extended fuselage, a pod-shaped fairing on

top of the vertical tail, and an engine with approx-

imately 20 percent more sea-level thrust. However,

the planforms, section contours, and aerodynamics of

the wings for the two aircraft are similar. One of the
most obvious differences between the two aircraft is

the weight. The A-6 has a maximum landing weight

of 36 000 lb, and the EA-6B has a maximum landing

weight of 45 500 lb. This weight increase, coupled

with virtually the same wing characteristics, results

in significantly reduced stall maneuver margins. For

example, in a 2g (60 ° banked) turn at 250 knots, the

margin above stall speed is reduced by about 50 per-
cent for the EA-6B relative to the A-6.

One objective of the maneuver-improvement pro-

gram was to improve the low-speed high-lift capa-

bility of the EA-6B by designing relatively simple

wing modifications that would not degrade high-

speed cruise performance. To avoid major modifi-

cations that may involve changes to the wing box,
the wing modifications were constrained to contour

changes of the leading-edge slat and trailing-edge

flap. The effort focused on computational design and

experimental verification of the wing-section modifi-
cations. A variety of two- and three-dimensional low-

speed and transonic computational techniques were

used during the design effort. Modifications were de-

fined that yielded significantly increased maximum

lift at low speed with minimal impact on high-speed
cruise performance. The results were verified experi-

mentally during extensive two-dimensional (2D) and

three-dimensional (3D) testing in several wind tun-

nels at Langley Research Center.

This report presents the prediction of the ef-

fects of leading- and trailing-edge contour modi-

fications, with particular emphasis on verification

through comparisons with experimental data. Of-

ten, the experimental data were available at condi-

tions that differed slightly from those used in the



computationaldesigneffort. Coderesultsweresub-
sequentlygeneratedto verify the predictionof in-
crementaleffects,of the modificationsat conditions
that matchedthoseof selectedexperimentaldata.
Selectedexperimentaldata(refs.2 and3) wereused
from2D testing in the Langley Low-Turbulence Pres-

sure Tunnel (LTPT) and from 3D testing in the Na-

tional Transonic Facility (NTF). The NTF test in-

cluded a wing-body configuration with no stores, tail,
or external antennas modeled but with various com-

binations of baseline and modified slats and flaps.

Attention was focused on increments in low-speed

maximum lift and increments in transonic lift, pitch-

ing moment, and drag resulting from the contour

modifications. No low-speed computational method

was available for the prediction of maximum lift coef-

ficient in three dimensions to compare with data from

the NTF test. Nevertheless, increments in 3D max-
imum lift coefficient were estimated with a 2D sub-

sonic code and the application of simple sweep the-

ory. These estimated increments were compared with

corresponding low-speed data from the NTF test.
Two transonic potential-flow computational methods

capable of modeling wing-body configurations were

applied. Results from these two codes were compared

directly with transonic data from the NTF test.

This report describes the prediction and verifica-

tion effort in detail. Included are descriptions of the

computational methods used, the configuration and

wing modifications, and the manner in which the
codes were applied. The multiple-design-point phi-

losophy used when the modifications were designed
can be inferred. Results with verification consist

of comparisons between the computational predic-
tions and data from both two- and three-dimensional

experiments.

Symbols

CD

CL

CM

c

Cl

g

M

R

t

x

wing-body drag coefficient

wing-body lift coefficient

wing-body pitching-moment
coefficient

local chord

section lift coefficient

acceleration due to gravity

(lg = 32.2 ft/sec 2)

Mach number

Reynolds number based on chord

airfoil thickness

streamwise coordinate

2

Y

(2

A

Subscripts:

l

max

u

Abbreviations:

bl

LTPT

le

MCARF

NTF

TAWFIVE

Te

te

WBPPW

2D

3D

vertical coordinate

angle of attack

spanwise location (see fig. 2)

quarter-chord sweep angle

lower surface

maximum

upper surface

baseline (no modification)

Langley Low-Turbulence Pressure
Tunnel

leading-edge modification

two-dimensional subsonic panel
code

National Transonic Facility

transonic full-potential code

thick trailing-edge modification

thin trailing-edge modification

transonic, small-disturbance,

potential-flow code

two dimensional

three dimensional

Computations

Computations were made to predict incremental

effects of wing contour modifications on low-speed

maximum lift coefficient and transonic lift, pitching-

moment, and drag coefficients for a wing-body con-
figuration. The computational methods, the config-

uration, including modifications, and the application

of the codes to that configuration are described in
the sections that follow.

Computational Methods

One 2D subsonic and two 3D transonic compu-

tational methods were used to predict aerodynamic

force and moment coefficients. A brief description of
each computer code is given, and all three include
viscous effects.

MCARF code. The multi-component airfoil

code, MCARF (refs. 6 and 7), is a two-dimensional
subsonic panel code. The inviscid solution is found

by using a distributed vortex concept to solve the



Laplaceequation. Compressibilityeffectsare rep-
resentedthroughtheuseof the Karman-Tsiencor-
rection. Viscouseffectsare includedby iteratively
updatingthe airfoil shapeto includethe displace-
ment thicknessfrom both laminarand turbulent
boundary-layercalculations.A laminarboundary
layeris calculatedby usingthe basicapproachof
CohenandReshotko(ref.8). TheSchlichting-Ulrich-
Granvillemethod(refs.9 and10)is usedto predict
laminarinstabilityandthesubsequenttransitionlo-
cation.Themethodof reference11isusedto predict
laminarstall. Theturbulentboundary-layerthick-
nessandturbulentstall arecomputedbyusinginte-
graltechniques.

TAWFIVE code. The computer code for

transonic _analysis of a wing and fuselage with

interacted viscous effects, TAWFIVE (ref. 12), uses
the interaction of an inviscid and a viscous flow

solver to obtain transonic flow-field solutions about

wing-fuselage combinations. The inviscid flow field

is solved by using a conservative, finite-volume, full-

potential method based on FLO-30 by Caughey and

Jameson (ref. 13). No modifications were made to
the internal grid-generation algorithm in FLO-30,

which uses a body-fitted, sheared, parabolic coor-

dinate system. Viscous and wake curvature effects
were added to the FLO-30 code to formulate the

TAWFIVE code. Viscous effects are computed by us-

ing a three-dimensional compressible integral method

capable of computing laminar or turbulent boundary
layers with a fixed transition location. The laminar

technique is that developed by Stock (ref. 14), and
the turbulent method is based on the work of Smith

(ref. 15) with extensions (ref. 16). An inlportant fea-
ture of the code is Streett's treatment of the wake

(ref. 17). The wake model used in FLO-30 was re-

placed with a model which includes effects resulting
from the thickness and curvature of the wake in the

solution. These effects can make significant differ-

ences in results obtained on various configurations
(ref. 17).

WBPPW code. The wing-b_ody-pod-p_ylon-

winglet code, WBPPW, developed by Boppe (ref. 18)

has been validated for many configurations (e.g.,

ref. 19). The code solves for the flow field at tran-

sonic speeds about a wing-fuselage configuration that

can include engine pods or stores, wing pylons, and

winglets. Using finite-difference approximations, a
modified small-disturbance potential-flow equation is

iteratively solved in a system of multiple embed-

ded grids. The modifications to the classical small-

disturbance equation provide more accurate resolu-

tion of shock waves with large sweep angles and a

better approximation of the velocity where the flow

equation changes type. Viscous effects are incorpo-
rated into the solution by the addition of boundary-

layer displacement slopes to the wing-surface slopes.
This in effect provides an equivalent "fluid" wing

shape for analysis by the potential flow solver. The

WBPPW code is capable of computing laminar or
turbulent boundary layers with a fixed transition lo-

cation. Boundary-layer displacement thickness for

slope determination is computed from a modified

Bradshaw turbulent method (ref. 20) and from the
Thwaites laminar method modified for compressible
flow. These two methods are extended to include

sweep effects by using a procedure developed by

Mason (ref. 21).

Configuration To be Modeled

The codes described previously were applied to a

wing-body configuration that was tested in the NTF

(rcf. 3) and for which streamwise airfoil sections were

tested in the LTPT (ref. 2). The full-scale config-
uration had a wing span of 53.0 ft, an aspect ra-

tio of 5.31, and a quarter-chord sweep of 25.5 °. (A

ptanform sketch is shown in fig. 1.) The NTF test
involved configurations that consisted of only the

fuselage and wing, as well as those that included hori-

zontal and vertical tails, up to seven stores, and/or an

antenna under the fllselage. The three-dimensional

configuration for which computational analyses were

performed consisted of only the fuselage and wing

with slats and flaps in the cruise configuration (i.e.,

no slat or flap deflection). The configuration modifi-

cations consisted of contour changes to the leading-
edge slats and trailing-edge flaps. These inodifi-

cations were designed (ref. 3) at the inboard and
outboard design stations indicated in figure 1. The

sketch of the wing presented in figure 2 indicates the

spanwise extent of the slats and flaps. The shape of

the root region used for computational modeling is

also shown in figure 2.
The modifications were confined to the slats and

flaps, except that on the lower surface the trailing-

edge modifications began at x/c = 0.70 and the flap
began at x/c = 0.82. There were two trailing-edge
modifications: each had more camber and a thicker

base than the baseline configuration. They are re-

ferred to as the thick (Te) and thin (te) trailing-edge

modifications and had base thicknesses of approxi-

mately 0.011c and 0.006c, respectively. Both were

tested two dimensionally in the LTPT. However, only

the thin trailing-edge modification was tested in the
NTF. There was one modified leading edge (/c), and

it was more blunt than the baseline configuration and

slightly drooped at the outboard station. Baseline

(bl) and modified streamwise airfoils are given for
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the inboarddesignstation(rI = 0.28) in figure 3 and

table I and for the outboard design station (r/= 0.75)

in figure 4 and table II. The modifications at other

stations were determined by linear interpolation or

extrapolation of dimensional airfoil coordinates.

Computational Procedures

The application procedures used with each of
the three computational codes are discussed without
results in the sections that follow. Some of the

experience gained during the use of each code is

described. (The importance of user experience is
discussed in reference 19.) For high-lift predictions,

the 2D subsonic code was used because no prediction

method was available for 3D low-speed maximum
lift coefficient. The 3D transonic codes were used

for predictions of lift, pitching moment, and drag
coefficients.

MCARF application. Increments in 3D tow-

speed maximum lift coefficient were estimated

through integration of increments in section coef-
ficients that were determined with the 2D code,

MCARF (refs. 6 and 7), and application of simple

sweep theory. The code was used to predict 2D max-
imum lift coefficients at the inboard and outboard de-

sign stations with transition strip positions specified.

Transition strip locations for both the upper and

lower surfaces were specified at the experimental po-

sitions. The code, however, predicted whether tran-
sition occurred before, at, or after a strip location.

Upper surface transition was often predicted at the
suction peak near the leading edge upstream of the

strip location. Lower surface transition was predicted

downstream of the strip location when the transition

Reynolds number was too low (below 100).
Three maximum lift or stall criteria were moni-

tored in the output from the MCARF code. Two of

the criteria were concerned with leading-edge separa-

tion, and the third was concerned with trailing-edge

separation. The first criterion was that the airfoil
stalled when the local Mach number was greater than

1.0 at the point of laminar boundary-layer separa-
tion. The second criterion was an empirically deter-

mined one (ref. 11) based on the Morgan laminar stall

parameter, PARB. Based on the recommendation in

reference 11, if PARB exceeded 725, it was assumed

there was no turbulent boundary-layer reattachment
and the airfoil stalled. The final criterion concerned

turbulent boundary-layer separation from the trail-

ing edge; stall was considered to occur if turbulent

separation occurred ahead of 90 percent chord. The
airfoils were analyzed at angle-of-attack increments

of 0.1 ° , and the three stall criteria were monitored.

4

The maximum lift coefficient was assumed to be the

lift coefficient at the highest angle of attack prior to
stall.

Simple sweep theory was applied to convert 3D

experimental conditions to 2D code inputs and to

convert 2D code results to 3D results. The quarter-

chord sweep angle of 25.5 ° was used in the conver-

sions. Mach number and Reynolds number were con-
verted to 2D conditions by factors of cos A and cos 2 A,

respectively. Analysis Reynolds numbers were also

adjusted to account for the local chord at the in-
board or outboard station. Maximum lift coefficients

at each station were computed from the 2D code and

were converted by the cos 2 A factor to get 3D sec-
tion maximum lift coefficients. Each modified-section

coefficient was subtracted from the corresponding
baseline-section coefficient to obtain a 3D modified-

section maximum-lift-coefficient increment.
Predicted increments in inboard and outboard 3D

section coefficient were integrated by using the trape-

zoidal rule to yield a predicted increment in maxi-
mum lift coefficient for each modified wing configu-

ration. The integration was over the region of the

wing at which both the slat and flap were present

from rI = 0.25 to 0.85 (fig. 2). An assumption was
made that the incremental maximum lift coefficients

for the sections at rI = 0.25 and 0.85 were equal to
those for the inboard and outboard design stations

at r/= 0.28 and 0.75, respectively.

TA WFIVE application. Transonic lift,

pitching-moment, and drag coefficients were pre-

dicted by using the TAWFIVE code (ref. 12). Ini-

tially, inviscid calculations were made for the baseline

configuration without considering the glove inboaxd

of r/ = 0.25. Effects of geometry modeling, viscos-

ity, and convergence strategy were then explored to
arrive at the final results.

The configuration was modeled by specifying a

series of airfoil sections for the wing and a series

of fuselage cross sections for the body. There was

no explicit control of the intersection of the wing

and body available to the user. When a detailed

body shape was tried, problems with the computa-

tional grid in the region of the wing-body junction
resulted in unrealistic wing boundary-layer separa-

tion and consequent termination of the computation.

Subsequently, an axisymmetric body shape was tried

with a linear variation of radius in the region near

the wing and with an area distribution that approxi-

mated that of the detailed body. This axisymmetric

shape worked successfully and was acceptable, since

details of the body shape were not important in the

determination of the effects of the wing contour mod-
ifications. Also, both this axisymmetric body and the

detailed shape used in the WBPPW code axe models



oftheA-6fuselage,whichisshorterthanthat ofthe
EA-6B(ref.5). A planformsketchof theTAWFIVE
computationalwing-bodyconfigurationis shownin
figure5(a),andtheinput wingplanformisshownin
figure2. TheTAWFIVEcoderequiresthewingroot
to lie outsidethe bodyandextendstheinboardre-
gionofthewingto establishthewing-bodyjuncture.
Theleadingedgeof the inboardregionof the wing
from r/= 0.19 to 0.20 was originally turned perpen-

dicular to the body centerline and was finally swept

30 ° (see fig. 2) to minimize unreasonable pressure

variations at the wing root. Also, each spanwise end

of the modified (slat and flap) region was modeled

by specifying modified and baseline airfoils separated

by less than 0.01 percent of span. Both tile leading-
and trailing-edge modifcations were modeled from

r/ = 0.25 to 0.88. The ends of the actual slats and

flaps were at slightly different locations, as seen in
figure 2.

Viscous effects were added in stages by running
the TAWFIVE code in the inviscid mode, includ-

ing viscosity on the wing, including the wake ef-
fect, and varying the number of viscous iterations.

Also, computations were run at flight Reynolds num-

bers and later at tunnel Reynolds numbers, where

boundary-layer separation was more of a problem.
Boundary-layer calculations would sometimes termi-

nate program execution as a result of unreasonable

pressure variations at the wing root and tip. Some

relief from this problem was found by altering the

procedure used for the root and tip boundary-layer
calculations. In the altered procedure, the root

boundary layer was computed by using the pressure

distribution from the next spanwise station, and the

tip boundary layer was computed by using tile pres-

sure distribution from the previous spanwise station.

Convergence strategy for the TAWFIVE code in-

volved choices of the number of inviscid iterations,
initial values for potential and boundary-layer quan-

tities, and a boundary-layer underrelaxation param-

eter. Various strategies were tried, which were

intended to monotonically increase (rather than over-

shoot) lift and to avoid successively attached and
separated boundary layers. Based on the criteria

of minimized lift overshoot and consistent boundary-

layer separation, the following strategy was chosen
for generation of the results in this paper. The initial

numbers of inviscid iterations on the coarse, medium,

and fine grids were 30, 20, and 10, respectively, and
then the first boundary layer was calculated. The

second set of inviscid iterations started with the po-
tentials set to zero, but with the previously deter-

mined boundary-layer correction on the wing and

wake (without wake curvature effects) and with 60,

40, and 20 inviscid iterations on the coarse, medium,

and fine grids, respectively. After each set of inviscid

iterations, the boundary laver was updated. Each
of tlle 3rd through 10th sets consisted of 50 inviscid

iterations on the fine grid and used previous values

of potential and boundary-layer quantities, includ-

ing wake curvature effects. The relaxation parameter

was specified at 0.6 for all boundary layers. Results
were printed and plotted after the 4th, 7th, and 10th

sets of iterations to monitor convergence.

WBPPW application. The WBPPW code

(ref. 18) was also used to predict transonic lift,

pitching-moment, and drag coefficients. Initially,

runs ,&'ere made that utilized the embedded body
grid and relatively few inviscid and viscous itera-

tions. Then geometric, viscous, and convergence ef-
fects were considered before the final results were

computed.

Wing-body geometry was modeled by specifying

a series of airfoil sections for the wing and by using
the Quick-Geometry System (ref. 22), which provides

a continuous analytical model of the fuselage. The

portion of the wing from 7/ = 0.20 to 0.25 in fig-

ure 2 (disregarding 7/ = 0.19 to 0.20) wa_s projected
to the ccnterline to form the root. The code deter-

mined the intersection of the wing with the fuselage.

Figure 5(b) is a planform sketch of the computational

wing body. The transonic wing-thickness scaling fac-

tor was disabled in the code. The fine (embedded)

wing grid was positioned with equal portions above

and below the wing. The fine body grid was not
utilized because it was assumed that the choice of

body grid would have little influence on the incre-

mental effects of the wing contour modifications. The

leading- and trailing-edge modifications were speci-
fied between T1 = 0.25 and 0.88 in exactly the same
way as they were for the TAWFIVE code.

Viscous effects were computed with very few
boundary-layer updates in the earliest runs of the
WBPPW code. Additional iterations were used to

achieve convergence as described subsequently in this

section. The value of 0.6 was used for the boundary-
layer relaxation factor. Flight Reynolds numbers

were specified for the first few runs, followed by wind-

tunnel Reynolds numbers, which were specified for all
the final runs.

The results in this paper have been corrected for

a body-pressure drag error and a body-friction drag

error in the WBPPW code. The body-pressure drag

error was in equation (60) of reference 22, which
should have a minus sign in front of both terms

(the same error exists for pod-pressure drag in equa-

tion (39) of reference 18). The body-friction drag

error in the code arose from the use of Reynolds num-

ber based on wing mean aerodynamic chord, where

5



Reynoldsnumberbasedonbodylengthshouldhave
beenusedasshownin equation(64)of reference22.
Thefirst correction(whichsimplycausedthe body-
pressuredrag to changesign) increasedthe drag
coefficientby amountsfrom 0.0048to 0.0106.The
secondcorrectiondecreasedthe body-frictiondrag
coefficientby0.0016.Theneteffectwasthat theto-
tal dragcoefficientincreasedbyamountsfrom0.0032
to 0.0090for theWBPPWcasesin thisreport.

Convergencestrategyfor theWBPPWcodewas
formulatedin termsofthenumbersof inviscidcrude-
andfine-griditerationsandthenumberof fine-grid
iterationsfor whichtheboundarylayerwasupdated
afterevery20 iterations.Therewasa tendencyfor
the lift, whichwasconsistentlylow, to continueto
growthroughoutthe iterations.Thechosenstrategy
involveda sufficientnumberof invisciditerationsto
quicklybringthe lift up closeto a convergedlevel.
Thefinalresultswerecomputedby usinga strategy
in which300crudeand 100fine invisciditerations
wereperformed,followedby 400fine iterationsfor
whichtheboundarylayerwasupdated20times.To
monitorconvergence,printedandplottedoutputwas
obtainedaftertheinvisciditerationsandafter10and
20boundary-layerupdates.

Results and Verification

Computationalresultsweregeneratedby theap-
plicationof codesasdescribedpreviously.Compar-
isons with LTPT and NTF data at low-speed high-

lift conditions are presented, followed by comparisons
with NTF data at transonic cruise conditions. Em-

phasis is placed on incremental results, and the in-
crement is always from tile baseline to a modified

configuration.

Comparisons with LTPT data were made to ver-

ify the 2D computations. However, the set of mod-
ifications tested in the LTPT entry (ref. 2) did not

include the leading-edge modification alone (le) or

the thin trailing-edge modification alone (te). The
modifications that were chosen from the LTPT test

for comparisons in this paper are: the thick trailing-

edge modification alone (Te), the combined leading-

edge and thick trailing-edge modification (le and Te),
and the combined leading-edge and thin trailing-edge

modification (le and te).

Most of the results in this paper are compared
with NTF data. The NTF data consist of those

published in reference 3 plus unpublished data from
the same test. The modifications tested in the NTF

were for the leading edge alone, the thin trailing edge

alone, and for these two combined. Comparisons

between computational results and NTF data were
made for these modifications.

Low-Speed Maximum Lift

Computational estimates were made of incre-
ments in maximum lift coefficient between the base-

line and modified wing-body configurations, which
were tested in the NTF at M = 0.3 and R = 1.4 and

5.4 x 106. Estimates of increments in 3D maximum

lift coefficients were made (as explained in the section

MCARF application) from 2D computations with ap-

plication of simple sweep theory. To verify the 2D

computations, results from the MCARF code were

first compared with corresponding 2D data from the

LTPT; 3D estimates were then compared with the

NTF wing-body data.

MCARF results, LTPT data. Two-

dimensional comparisons were made between MCARF
code results and corresponding LTPT data for con-

tour modifications and Mach number closely related

to those in the NTF test. The LTPT data (ref. 2)

for the baseline and modified airfoils are presented

in figure 6 for a range of Mach numbers. The fol-

lowing observations can be made from figure 6 for
the airfoil modifications at a Reynolds number of

10 x 106. First, the thick trailing-edge modification

produced a significant gain in maximum lift coeffi-
cient. Second, in combination with Te, the leading-

edge modification produced a significant additional

benefit. Third, in combination with le, the thin

trailing-edge modification produced about the same

benefit as Te. Fourth, the benefits of all the modifi-

cations were sensitive to compressibility effects and,

in general, decreased with increasing Mach number.

Figure 6 consists of 2D data for configurations closely
related to those in the NTF test; a 2D Mach num-

ber is still needed. The low-speed data were taken
in the NTF at M = 0.3, and the model sweep angle

was 25.5 °. The corresponding 2D Mach number is
M cos A = 0.271.

Comparisons were made (fig. 7) between the
LTPT maximum lift coefficients and those predicted

from the MCARF computations at M = 0.271 and
R = 10 x 106. The transition strip location was mod-

eled in the code at the LTPT positions of x/c = O. 150

on the upper surface and x/c = 0.050 on the lower
surface. The code predicted that upper surface tran-

sition occurred at the suction peak (before the strip

location) and lower surface transition occurred at

the strip location of x/c = 0.050, with one excep-
tion. Lower surface transition was predicted to be at

x/c = 0.770 on the airfoil with the combined leading-
edge and thick trailing-edge modification. For all

four airfoils, the stall criterion met was that the local

Mach number exceed unity at the point of laminar

boundary-layer separation.



Thecomputeddatafor maxinmmlift coefficient
qualitativelyfollowedthe trendof the LTPT data
andwereabout5to 10percentlow. (Seefig. 7(a).)

The computed increment (from the baseline to each

modified configuration) in maximum lift coefficient
also followed the trend of the LTPT data and was

about 30 percent low. (See fig. 7(b).) Both the
predictions and the LTPT data showed that the

combined modification yielded about three times

the benefit of the trailing-edge modification alone

and that the two trailing-edge modifications were

equally effective when combined with the leading-

edge modification.

Estimated results, NTF data. Comparisons
were made between estimated increments in 3D max-

imum lift coefficients and those from the NTF test

at M = 0.3 and R = 1.4 and 5.4 x 106 . Exper-
imental increments in maximum lift coefficient for

the three modifications were obtained by using data

(fig. 8) from the NTF test (ref. 3). For the estimates,
the MCARF code was applied with the transition

strip locations (from the NTF test) on the upper and

lower surfaces at x/c = 0.043 for the inboard sta-
tion and x/c = 0.073 for the outboard station. For

the cases in this paper, the code predicted that up-

per surface transition always occurred near the lead-

ing edge at the suction peak. Lower surface transi-

tion was predicted after the strip location, between

x/c -- 0.98 and 1.00 without the trailing-edge mod-

ification and between x/c --- 0.74 and 0.78 with the

trailing-edge modification. The only exception was
for the outboard station at R = 5.4 x 106, where

lower surface transition was predicted at the strip

location (x/c = 0.073) for the baseline configuration

and all three modified configurations. The stall crite-

rion that the local Mach number exceed unity at the
point of laminar separation was met in all cases. A

peculiar boundary-layer separation that the MCARF

code predicted for the outboard station without the

leading-edge modification at R = 1.4 × 106 was

disregarded. This upper surface separation did not

come forward from the trailing edge, it simply ap-

peared in the turbulent boundary layer behind a lam-

inar bubble at x/c _ 0.004 as the stall angle was

approached. This predicted separation was consid-
ered to be nonphysical. Estimated increments that

were computed considering this phenomenon an ad-

ditional stall criterion were not significantly different

from those given in this paper.
Estimated increments in 3D maximum lift coeffi-

cient are compared with the NTF data increments in

figure 9. The estimated increments do not change

significantly with Reynolds number, but the mea-

sured increments do change. This suggests that the

Reynolds number effect that occurs three dimension-
ally may not occur two dimensionally (the estimates

are based on predictions from a 2D code). The ef-

fects of the leading-edge modification are highly over-

estimated, but the estimates for the trailing-edge

modification agree well with the NTF data. The

increnmnt for the combined leading- and trailing-

edge modification is overestimated, but it is in better

agreement at the higher Reynolds number (fig. 9(b)).

At tile higher Reynolds number, which more closely

represents flight conditions, the estimates and NTF

data both show a very significant increase in the in-
crement for the combined modification over that for

the trailing-edge modification alone.

Transonic Performance

Lift, pitching-moment, and drag coefficients were

computed by using the TAWFIVE and WBPPW

codes for comparison with NTF data. Analyses

were conducted at Mach and Reynolds numbers that

match the experimental data. The four (baseline

plus three modified) configurations were analyzed
for the cruise design condition of M = 0.800 and

c_ = 2.5 ° (C L _ 0.3) and for a lower speed condi-

tion of M = 0.725 and c_ = 3.5 ° . The 3.5 ° angle

of attack was chosen for altitude and weight to be

equivalent to those of the design condition by approx-

imately matching M2CL . Data from the NTF test

that encompass the two conditions are presented in

figure l0 as a function of lift coefficient. The same

data are replotted in figure 11 as a function of angle

of attack for convenient comparison with TAWFIVE

and WBPPW code results, which had a common an-

gle of attack for the four configurations (figs. 12 to
14). The format of figure 10 is used, however, in

the appendix where the WBPPW code comparisons

are repeated on an individual lift-matched basis as

explained subsequently.

TAWFIVE and WBPPW results, NTF

data. Comparisons are presented between NTF data

(ref. 3) and results from the TAWFIVE and WBPPW
codes in figures 12 through 14. Each of these com-

parisons includes the baseline configuration and one

of the three modified configurations. These compar-

isons, as well as the breakdown of the lift, pitching-

moment, and drag coefficients by each code into wing

and body contributions (not shown), provided the

basis for the following observations.

The TAWFIVE code predicted lift coefficients

with good accuracy, while those from the WBPPW

code were consistently low. Both the wing and the

body contributions to lift coefficient were lower for
the WBPPW code than for the TAWFIVE code.



Thenose-downpitching-momentcoefficientswere
betterpredictedby the WBPPWcodethan by the
TAWFIVEcode. The TAWFIVEcodenose-down
pitching-momentcoefficientswerelowerthan those
of theWBPPWcodebecausethe signof the TAW-
FIVE bodycontributionwasopposite(positiveor
nose-up)that of theWBPPWcode. Theway the
bodywasmodeledforeachcodeandtreatedbyeach
codeaffectedthe pitching-momentanddragcoeffi-
cients.Thebodywasmodeledasaxisymmetricfor
the TAWFIVEcodeanddetailedfor the WBPPW
code.(Fig.5 prcsentsplanformsketches.)

Drag coefficientswereunderpredictedby both
codes. The drag cocfficientsfrom the TAWFIVE
code were low partly becausethe body-friction
drag contribution was not included in the calcu-

lations. The body-friction drag contribution from

the WBPPW code (0.0062 for the cases in this re-

port) accounts for a large part of the difference be-

tween the drag coefficients from the TAWFIVE code
and the NTF data. Tile drag coefficients from tile

WBPPW code were low largely because the body

was only modeled in the crude grid. This was ob-

served after repeating two WBPPW cases using the

fine body grid (one baseline case and the other with
the combined modifications, both at M = 0.800 and

c_ = 2.5°). This observation could not have been

made before the body-pressure drag was corrected

as described in the section WBPPW application.

Incremental comparisons for the three modified

configurations at both conditions are summarized in
figure 15. There is overall agreement (between the

NTF data and the predictions from the codes) that

the trailing-edge modification had more effect on the

transonic characteristics than did the leading-edge
modification. Incremental lift and pitching-moment

coefficients from both codes, as well as incremen-

tal drag coefficients from the TAWFIVE code, fol-

lowed the trends of the NTF data. However, the

drag-coefficient increments from the WBPPW code

did not agree well with respect to the relative ef-

fects of the different modifications (the effect of the

leading-edge modification was poorly predicted). As

explained in the following paragraph, the WBPPW
results were compared with NTF data in a different

way in the appendix.

It is frequently desirable to match lift coefficients

when making comparisons between computational

results and experimental data. The preceding com-

parisons for a given Mach number are, of course, at

a common angle of attack. The same computational

results (at a given Mach number) can be compared
with NTF data that are selected so that lift coeffi-

cients are matched on an individual basis for each

configuration. Such a match was essentially made
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for each of the TAWFIVE results, since the pre-

dicted lift coefficients were within 6 percent of the

NTF lift coefficients. The lift coefficients predicted

by the WBPPW code, however, were as much as

20 percent low. Therefore, the preceding compar-

isons for the WBPPW code were repeated in the ap-
pendix with data whose lift coefficients were matched

on an individual basis; the drag-coefficient incre-

ments agreed significantly better with these NTF

data, but the trend of the drag-coefficient increment

agreed with these NTF data only slightly better than

with the data in figure 15.

Another comparison was made as a check on how

the results might be affected by making predictions
at a common lift coefficient. A final WBPPW com-

parison was made for the baseline and the combined

modification at the design Mach number. It was

made possible by computing an additional baseline
case at M = 0.800 and a = 3.2 ° for which the lift

coefficient (0.325) was approximately the same as the
lift coefficient of 0.323 for the configuration with the

combined modifications. Results for these two config-

urations are given in figure 16 (format of fig. 10(b)),

and corresponding incremental results are given in

figure 17.
The pitching-moment coefficients were again in

good agreement, and the drag coefficients were

still underpredicted (fig. 16). For this comparison,

the predicted angle-of-attack increment (rather than

ACL) was shown and differed by only 0.12 ° from the

NTF increment (fig. 17). The computed increment in

pitching-moment coefficient in this case (fig. 17) dif-

fered from the NTF data by the same amount (0.010)

as it did at a common angle of attack (fig. 15(b)).
The WBPPW drag-coefficient increment for the com-

bined modification was negative; nevertheless, the in-

crement was lower than that from the NTF data by

a smaller amount (-0.0027) in figure 17 than the

amount (-0.0038) in figure 15(b).

Concluding Remarks

Computational predictions of the effects of wing
contour modifications on maximum lift and tran-

sonic performance were made and verified against

low-speed and transonic wind-tunnel data for an

electronics countermeasures aircraft. The predic-
tions were based on results from three computer
codes that include viscous effects. Maximum lift

coefficients were predicted with MCARF, a two-

dimensional subsonic panel code. Transonic per-
formance was predicted with TAWFIVE, a full-

potential method, and WBPPW, a small-disturbance

potential-flow method. The modifications were pre-

viously designed with the aid of these and other

codes. The wing modifications consisted of contour



changesto the leading-edgeslatsand trailing-edge
flaps.Theleading-edgeslatsweremademoreblunt
andslightlydroopedin theoutboardregions.The
trailing-edgeflapsweremademorecamberedand
slightly thickenedat the base. The modifications
weredesignedfor increasedmaximumlift with min-
imumeffecton transonicperformance.

The effectsof the modificationson low-speed
maximum lift coefficient were predicted two
dimensionallyand three dimensionallyat two
Reynoldsnumbers.Thepredictionsfromthe two-
dimensional(2D)low-speedcodeexhibitedthesame
trendsasthe corresponding2D experimentaldata.
Thecodealsopredictedwhethertransitionoccurred
before,at, or after a transitionstrip locationand
which phenomenonwas responsiblefor stall, but
theseresultswerenotverifiedexperimentally.Three-
dimensional(3D) estimates,basedon resultsfrom
the 2Dcode,overpredictedtheeffectof the leading-
edgemodificationbut agreedwell with 3D experi-
mentaldata for the effectof thetrailing-edgemod-
ification.Theexperimentaldatawereinfluencedby
Reynoldsnumbereffectsthat werenot predictedby
the estimates.Nevertheless,at the higherof the
two Reynoldsnumbers,the estimatesand the ex-
perimentaldatashoweda significantincreasein the
maximum-lift-coefficientincrementfor thecombined
leading-andtrailing-edgemodificationoverthat for
thetrailing-edgemodificationalone.

Effectsof the modificationson transoniclift,
pitching-moment,and drag coefficientswere pre-

dictedby both theTAWFIVEandWBPPWcodes.
Duringtheapplicationof theTAWFIVEcode,some
minor problemsrelatedto the computationof the
wing-bodygrid and the wing boundarylayer had
to be resolved.Resultsfromboth codeswerecom-
paredwith experimentaldata for a commonangle
of attack.SincetheWBPPWcodeconsistentlyun-
derpredictedthe lift coefficientfor a givenangleof
attack, resultsfrom that codewerealsocompared
with lift-matchedexperimentaldata. Thequestion
ofwhetherto matchlift coefficientwasnot important
for the TAWFIVEcodebecauseit predictedlift co-
efficientaccurately.Futuredragpredictionscouldbe
improvedby includingthebody-frictioneffectin the
TAWFIVEcodeandbyusingthefinebodygridafter
correctingthebody-dragcalculationin theWBPPW
code.

Therewasoverallagreementbetweenthe exper-
imentaldataandcoderesults,in that the trailing-
edgeandcombinedmodificationshadmoreeffecton
the transoniccharacteristicsthan did the leading-
edgemodification.Therelativeeffectsofthemodifi-
cationsontransoniclift andpitching-momentcoeffi-
cientswerewellpredictedbybothcodes.Therelative
effectsof themodificationson transonicdragcoeffi-
cientwerewellpredictedbytheTAWFIVEcodebut
poorlypredictedbytheWBPPWcode.

NASALangleyResearchCenter
Hampton,VA23665-5225
August27,1990
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Appendix

WBPPW Results, NTF Data
A comparisonwasmadein whichthe lift coeffi-

cientswerematched between NTF (National Tran-

sonic Facility) data and results from the WBPPW

code (a transonic, small-disturbance, potential-flow

code). The WBPPW results are from figures 12
to 15. The NTF data were interpolated so that at a

given Mach number the lift coefficient matched the

computed lift coefficient for each individual config-

uration. This, of course, meant that even when the

WBPPW codc results for all four configurations were

at one angle of attack, these NTF data were at dif-

ferent angles from each other.

The comparisons were plotted in figures 18 to 20

in the format of figure 10, as a function of lift coeffi-

cient. Incremental comparisons were summarized in

figure 21, where Aa was included rather than ACL.
The incremental angle of attack agreed to within

about one-third of a degree between the WBPPW re-

sults and these NTF data. The trend of the pitching-

moment-coefficient increment was in good agreement
with these data for both conditions, as it was with the

data in figure 15. For both conditions, the trend of

the drag-coefficient increment agreed slightly better
with these NTF data than with the data in figure 15.

The drag-coefficient increments agreed signifi-

cantly better with these NTF data than with the

data in figure 15. In particular, the predicted incre-
ment for the combined modification at /_I = 0.800
was 0.0016 below the increment from these NTF data

(fig. 21(b)) but 0.0038 below that from the data in

figure 15(b).
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Table I. Streamwise Airfoil Coordinates for Inboard Design Station

[_ = 0.28; t/c = 0.087]

x/c
0.00000

.00100

.00300

.00500

.00700

.01000

.02000

.03000

.04000

.05000

.06000

.08000

.10000

.12000

.14000

.16000

.18OO0

.20000

.25000

.30000

.35000

.40000

.45000

.50000

.55000

.60000

.65000

.70000

.75000

.80000

.82000

.84000

.86000

.88000

.90000

.92000

.94000

.95000

.96000

.97000

.98000

.99000

1.00000

0.00041

.00380

.00661

.00847

.00995

.01184

.01673

.02065

.02403

.02702

.02973

.03443

.03839

.04179

.04471

.04721

.04933

.05119

.05451

.05633

.05688

.05623

.05453

.05186

.04830

.04406

.03926

.03400

.02843

.02283

.02059

.01835

.01611

.01387

.O1163

.00939

.00715

.00603

.00490

.00378

.00266

.00154

.00042

bl

(y/@
0.00041

-.00240

-.00433

-.00562

-.00659

-.00774

-.01010

-.01160

-.01281

-.01384

-.01473
-.01627

-.01763

-.01890

-.02011

-.02129

-.02243
-.02353

-.02613

-.02834

-.02999

-.03088

-.03091

-.03014
-.02866

-.02661

-.02397

-.02090

-.01749

-.01408

-.01271

-.01135
-.00998

-.00862

-.00725

-.00588

-.00452

-.00384

-.00315

-.00247

-.00179

-.00111
-.00042

le and Te le and te

(y/c)u (y/ch
0.00049

.00497

.00828

.01053

.01229

.01441

.01952

.02335

.02652

.02924

.03162

.03569

.03912

.04212

.04480

.04721

.04933

.05119

.05451

.05633

.05688

.05623

.05453

.05186

.04830

.04406

.03926

.03400

.02843

.02283

.02063

.01846

.01635

.01441

.01268

.01111

.00968

.00903

.00846

.00798

.00762

.00740

.00735

0.00049

-.00378

-.00657

-.00821

-.00931

-.01046
-.01251

-.01362

-.01442

-.O1508

-.01565

-.01672

-.01782

-.01896
-.02013

-.02129

-.02243

-.02353

-.02613
-.02834

-.02999

-.03088
-.03091

-.03014

-.O2866

-.02661

-.02397
-.02088

-.01695

-.01162

-.00900

-.00614

-.00324

-.00062

.00151

.00298

.00358

.00345

.00296

.00209

.00078

-.00103

-.00338

0.00049

.00497

.00828

.01053

.01229

.01441

.01952

.02335

.02652

.02924

.03162

.03569

.03912

.04212

.04480

.04721

.04933

.05119

.05451

.05633

.05688

.05623

.05453

.05186

.04830

.04406

.03926

.03400

.02843

.02283

.02063

.01846

.01635

.01440

.01248

.01054

.00859

.00762

.00665

.00568

.00471

.00374

.00277

0.00049

-.00378

-.00657

-.00821

-.00931

-.01046

-.01251

-.01362

-.01442

-.01508

-.01565
-.01672

-.01782

-.01896

-.02013

-.02129

-.02243

-.02353
-.02613

-.02834

-.02999

-.03088

-.03091

-.03014

-.02866
-.02661

-.02397

-.02088

-.01695

-.01162

-.00900

-.00614

-.00324

-.00062
.00151

.00298

.00358

.00345

.00296

.00209

.00078

-.00103

-.00338
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TableII. StreamwiseAirfoil Coordinatesfor OutboardDesignStation

[q= 0.75; tic = 0.0741

x/c
0.00000

.00100

.00300

.00500

.00700

.01000

.02000

.03000

.04000

.05000

.06000

.08000

.10000

.12000

.14000

.16000

.18000

.20000

.25000

.30000

.35000

.40000

.45000

.50000

.55000

.60000

.65000

.70000

.75000

.80000

.82000

.84000

.86000

.88000

.90000

.92000

.94000

.95000

.96000

.97000

.98000

.99000

1.00000

-0.00263
.00101

.00320

.00483

.00613

.00785

.01252

.01627

.01948

.02227

.02481

.02933

.03315

.03645

.03925

.04161

.04360

.04527

.04834

.05005

.05053

.04992

.04834

.04588

.04265

.03882

.03455

.02999

.02529

.02051

.O1858

.01663

.01469

.01274

.O1079

.00884

.00689

.00591

.00494

.00397

.00300

.00203

.00107

bl

-0.00263

-.00464

-.00621

-.00720

-.00796
-.00882

-.01O52

-.01135

-.01199

-.01251

-.01295

-.01363

-.01430

-.01499

-.01568

-.01640

-.01712

-.01787

-.01979
-.02158

-.02303

-.024O3

-.02436

-.02380

-.02268

-.02118
-.01924

-.01686

-.01432

-.01172

-.01066

-.00960

-.00853

-.00746

-.00639
-.00532

-.00425

-.00372

-.00318

-.00265

-.00212

-.00159

-.00107

le and Te

-0.00600

-.00193

.00114

.00323

.00488

.00695

.01218

.01621

.01959

.02252

.02512

.02959

.03334

.03654

.03928
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Figure 1. Planfornl sket, ch of wing-body configuration.

14



= 1.00

r/ = 0.91

r/ = 0.85

_7 = 0.75

/

Leading-edge slat Tra_ling-edge flap

r/ = 0.28

r/ = 0.25

rl = 0.00 (centerline)
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(a) TAWFIVE code.
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(b) WBPPW code.

Figure 5. Planform sketches of wing-body as modeled in application of each transonic code.
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